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The pion dispersion relation, in-medium Npi → ∆ cross section and ∆ → Npi decay width are
investigated in isospin asymmetric nuclear matter by using the same relativistic interaction within
the framework of one-boson-exchange model. With the consideration of the energy conservation
effect, the in-medium Npi → ∆ cross sections are reduced near the low energy (s1/2 < 1.25 GeV)
and enhanced in the high energy region (s1/2 > 1.25 GeV) in symmetric nuclear matter. The in-
medium correction factors are different for different channels in asymmetric nuclear matter. It could
result a higher pion multiplicity and higher pi−/pi+ ratios in the transport model simulations than
the calculations without considering the in-medium effects, if other terms remain unchanged. Our
study hints a systematically study on the pion production mechanism in heavy ion collisions are
urged and it could be useful for understanding the in-medium effects of pioins.
I. INTRODUCTION
The symmetry energy plays an important role for un-
derstanding the isospin asymmetric subject, such as neu-
tron stars [1, 2] and the neutron rich heavy ion collisions
observables [3–5], but the density dependence of symme-
try energy, especially at high density, is still in uncertain-
ties. Even there are some efforts on the constraints of the
symmetry energy at suprasaturation density by analyzing
the neutron star merging events [2, 6–15], the constraints
from the heavy ion collisions are also needed. The ratio
of multiplicity of pi− to pi+, simply named as pi−/pi+ ra-
tios, in heavy ion collisions with neutron rich beam and
target at the beam energy of ∆ threshold energy was sup-
posed to be a sensitive observable to probe the density
dependence of the symmetry energy at suprasaturation
density [16].
The pion data of Au+Au at the beam energy rang-
ing from 0.4 GeV/nucleon to 1.2 GeV/nucleon [17] have
been used for extracting the symmetry energy, however,
the contradictory conclusions on the symmetry energy
have been obtained by comparing the data to the calcu-
lations with different transport models [18–23]. Besides
the model uncertainties which comes from the philosophy
of solving the high dimensionality transport equation, an-
other important reason is that the sensitivity of pi−/pi+
ratios may be not so strong to distinguish the stiffness
of symmetry energy very clear at higher beam energy
where the nucleon-nucleon collisions play the dominant
roles instead of the mean field. It stimulates the remea-
surement of pion multiplicities and pi−/pi+ ratios near the
∆ threshold energy or at subthreshold energy by using
neutron rich reaction systems.
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Very recently, MSU group measured the charged pion
multiplicities for 132,112,108Sn+124,112Sn by using the
SpiRIT Time Projection Chamer at 270 MeV/nucleon,
which is subthreshold energy. The energy spectral of sin-
gle pi−/pi+ ratios, i.e., R(pi−/pi+) = dMpi−dEk /
dMpi+
dEk
, and
double ratios DR(pi−/pi+) = R2(pi−/pi+)/R1(pi−/pi+)
will be provided, and they may have a more exclusive
sensitivity to the density dependence of the symmetry
energy than the total multiplicity of pions [21, 24].
However, the behavior of the pion energy spectral
or pion flow could also be sensitive to the pion poten-
tial [25–29]. The reason is that, near the beam en-
ergy around 300 MeV/nucleon, the pions are produced
through the low mass ∆s. The produced pions via the
low mass ∆s decay have the smaller momentum, so they
have the longer mean-free-path since the cross sections of
pi+N near the threshold energies are relative small [30].
Consequently, one can expect that the in-medium ef-
fects on pion propagation and collision become more
and more important. The relativistic Vlasov-Uehling-
Uhlenbeck (RVUU) model calculations had shown that
the pi−/pi+ ratio is reduced about 10% by considering the
in-medium pion dispersion relation, and a large effect is
also observed in isospin-dependent Boltzmann-Uehling-
Uhlenbeck (IBUU) [27] calculations at subthreshold en-
ergy. There exists the model dependence on the in-
medium effects on the pion production mechanism in the
transport model simulations partly due to the separate
treatments on pion potential, the piN → ∆ cross sections
and ∆ → piN decay widths. Thus, providing a theoreti-
cal description on the pion potential, the piN → ∆ cross
sections and ∆→ piN decay widths in isospin asymmet-
ric nuclear matter from the same Lagrange will be very
useful for us to deeply understand the pion production
mechanism and reduce the model uncertainties related to
the medium corrections separately for pion potential and
Npi → ∆/∆→ Npi .
Generally, the pion potential can be obtained from the
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2phenomenological pion potential [23, 26–29], or from the
effective methods, such as closed-time path green func-
tions method [31], chiral perturbation theory [32, 33].
Dmitriev el at. did the study on the in-medium pion
dispersion relation by the pion self-energy via meson ex-
change interaction [34] for symmetric nuclear matter. Af-
ter that, the work from Guangjun Mao had also given the
discussion about the pion dispersion relation with the
relativistic form of pion self-energy in symmetric nuclear
matter and its effect on the Npi → ∆ cross section and
∆→ Npi decay width [31, 35].
As the increasing of interests on the study of isospin
asymmetric nuclear matter, Kaiser el at. had given the
pion s-wave self-energy in isospin asymmetric nuclear
matter based on chiral perturbation theory up to the
two-loop approximation [32]. With the s-wave pion self-
energy from Ref. [32], Zhang el at. also added p-wave
pion potential in estimation on the in-medium Npi → ∆
cross section and ∆ → piN decay width by including
N and ∆ masses in free space [36]. Qingfeng Li et al.
had also given the discussions about the Npi → ∆ cross
section and ∆ → piN decay width in asymmetric nu-
clear matter based on the closed-time path green func-
tion methods [35], but the pion dispersion relation they
used is still in symmetric nuclear matter [31]. Among
those calculations, the energy conservation is an impor-
tant issue and should be carefully considered in isospin
asymmetric nuclear matter as for NN → N∆ [37].
In this paper, we will investigate the pion self-energy,
in-medium Npi → ∆ cross section and ∆ → Npi de-
cay width with relativistic form interaction in asymmet-
ric nuclear matter, with the consideration of the energy
conservation and effective mass splitting effects. It is
organized as follows. In Sec. II, we will introduce the
theoretical model on the pion self-energy, Npi → ∆ cross
section and ∆ decay width. Then, the in-medium pion
dispersion relation, Npi → ∆ cross section and ∆→ piN
decay width are presented and discussed in Sec. III. Fi-
nally, the summary and conclusion are given in Sec. IV.
II. THEORETICAL MODEL
We perform the study on the in-medium pion disper-
sion relation based on the particle-hole and ∆-hole with
relativistic form interaction, and also do the calculation
the piN → ∆ cross sections and ∆ → piN decay widths
in asymmetric medium. The Lagrangian we adopted as
follows [37–41]
L = LF + LI (1)
where the LF is the free lagrangian for the nucleon and
∆ [37, 41]. The interaction part of the Lagrangian is
LI = gpiNN
mpi
Ψ¯γµγ5τ ·Ψ∂µpi + gpiN∆
mpi
∆¯µT ·Ψ∂µpi + h.c.(2)
Here τ is the isospin matrices of the nucleon [38], and T
is the isospin transition matrix between the isospin 1/2
and 3/2 fields [40].
The pion dispersion relation in nuclear medium is:
ω2pii = m
2
pii + k
2 + Π(k). (3)
where pii presents different isospin state of the pion,
i.e, pi+, pi0, and pi−. Here, Π(k) is the pion self-
energy, it includes the particle-hole (ΠN (k)) and ∆-hole
parts(Π∆(k)), i.e.,
Π(k) = ΠN (k) + Π∆(k). (4)
For the on-shell pion dispersion relation in Eq. (3), the
Π(k) should be the real part (ReΠ(k)). For convenience,
all the Re notions in the Π(k) are ignored in this paper.
The lowest order pi self-energy in nuclear matter are,
ΠN = (−i)(gpiNN
mpi
)2〈t′|τλ|t〉〈t|τλ′ |t′〉δλλ′ (5)
×
∫
d4q
(2pi)4
Tr[k/γ5GN (q + k)k/γ5GN (q)],
Π∆ = (−i)(gpiN∆
mpi
)2〈t′|T λ|t〉〈t|T λ′ |t′〉δλλ′ (6)
×
∫
d4q
(2pi)4
Tr[kµkνG
µν
∆ (q + k)GN (q)],
where isospin matrix τλ can be τ+, τ0 and τ− as in
Ref. [42]. Here we take the isospin factors 〈t′|τλ|t〉 =
INN , and 〈t′|T λ|t〉 = IN∆, which can be found in the
appendix B.
The nucleon and ∆ propagator in nuclear medium can
be written from above Lagrangian,
GN (q0,q) =
q/+mN
q20 − E2N (q) + i
(7)
+i2pi
q/+mN
2EN (q)
θ(qF − |q|)δ(q0 − EN (q))
Gµν∆ (q0,q) =
Pµν
q20 − E2∆(q) + i
+i2pi
q/+m0,∆
2E∆(q)
θ(qF − |q|)δ(q0 − E∆(q))
(8)
where Pµν is:
Pµν = −(q/+m0,∆)[gµν− 1
3
γµγν− 2q
µqν
3m20,∆
+
qµγν − qνγµ
3m0,∆
].
(9)
Here, q/ = qµγµ and m0,∆ is the pole mass of ∆. The
first parts of Eq. (7) - (8) are the vacuum propagators,
and θ(qF − |q|) denotes the occupation number in the
medium with the Fermi momentum qF . The pion self-
energies can be expressed in terms of an analog of the
susceptibility χ,
ΠN = k
2χN (10)
Π∆ = k
2χ∆ (11)
3and the short range correlations is incorporated into χ as
follows,
χN → 1 + (g
′
N∆ − g′∆∆)χ∆
(1− g′∆∆χ∆)(1− g′NNχN )− g′N∆χ∆g′N∆χN
χN ,
χ∆ → 1 + (g
′
N∆ − g′NN )χN
(1− g′∆∆χ∆)(1− g′NNχN )− g′N∆χ∆g′N∆χN
χ∆.
The Migdal parameters for the short-range interaction
g′NN = 0.9, g
′
N∆ = g
′
∆∆ = 0.6 as Ref. [43]. The de-
tailed calculation and the self-energy of pi+, pi0 and pi−
are shown in the appendix B - C.
For the calculation of the in-medium ∆ → Npi decay
width and piN → ∆ cross section, we use the quasipar-
ticle approximation [44] by the replacing mi → m∗i and
pi → p∗i (i could be nucleon or ∆)in their formula. The
effective momentum can be written as p∗i = pi since
the spatial components of vector field vanish in the rest
nuclear matter, i.e., Σ = 0. Thus, in the mean field
approach, the effective energy reads
p∗0i = p
0
i − Σ0i . (12)
The Dirac effective mass of nucleon and effective pole
mass of ∆ read
m∗i = mi + Σ
S
i , (13)
here the details about Σ0i and Σ
S
i can be found in
Refs. [37, 41]. And the parameters of the relativistic
mean field is from the NLρδ in Ref. [45].
Based on the approximation we adopted, pN + k =
p∗N + k
∗. The energy conservation is canonical momen-
tum conserved, i.e., E∆ = EN +ω, with E∆ = E
∗
∆ + Σ
0
∆,
EN = E
∗
N + Σ
0
N ,
m∗∆ + Σ
0
∆ = E
∗
N + Σ
0
N + ω(k). (14)
By using the effective momentum and masses, one can
get the in-medium ∆ → Npi decay width and piN → ∆
cross section. The in-medium decay width of ∆ → Npi
is:
Γ∗ =
1
2m∗∆
∫
d3p∗N
(2pi)32E∗N
d3p∗pidω
(2pi)3
|M∆→Npi|2
×δ(ω2 − p∗2pi −m2pi −Π)
×(2pi)4δ3(p∗N + p∗pi)δ(E∗N + ω + ∆Σ−m∗∆)
= ZB
k2
8pim∗∆E
∗
Nω
|M∗∆→Npi|2
| kE∗N +
k
ω |
(15)
where p∗pi = ppi = k in the static nuclear medium,
∆Σ = Σ0N −Σ0∆. And the ZB is the wave function renor-
malization factor,
ZB =
1
1− 12ω ∂Π(ω,k)∂ω |ω=E∗pi
, (16)
where
E∗pi =
√
k2 +m2pi + Π(ω,k). (17)
Since we focused on the cross sections which will be used
near the threshold energy heavy ion collisions where the
low mass ∆s dominate, the pion branch plays the main
role for the ∆ and the ∆-hole branch is ignored. Thus,
we take ZB = 1 as Ref. [31]
The in-medium piN → ∆ cross section is:
σ∗piN→∆ =
pif∗(m∗∆)
4m∗∆
|M∗piN→∆|2
|k|(E∗N + ω)
=
2pi2f∗(
√
s)Γ∗
k2
(18)
with the effective mass take into account in the
|M∗piN→∆|2 and mass distribution f∗(m∗∆) = f∗(
√
s),
i.e.,
f∗ =
2
pi
m∗20,∆Γ
∗
t
(m∗20,∆ −m∗2∆ )2 +m∗20,∆Γ∗2t
. (19)
where Γ∗t is the total decay width of ∆→ Npi [46]. Here,
the distributional ∆ mass m∗∆ in Eq. 15, 18 and 19 is the
energy of Npi system in medium and is calculated based
on the energy conservation relationship in Eq. (14), at
given k which corresponds to the center-of-mass of energy
as
√
s = m∆ =
√
m2pi + k
2+
√
m2N + k
2 in ∆ static frame
for free space, i.e., m∗∆ ≡ m∗∆(
√
s). The ∆ effective pole
mass m∗0,∆ above is from Eq. 13. While, in Ref. [36], the
effective mass on the spectral function of ∆ resonance was
not mentioned in the calculation of the cross sections of
Npi → ∆.
The coupling constants we used are determined by fit-
ting the cross section of pi+ + p→ ∆++ and decay width
in the free space [47]. The decay width of ∆ → Npi in
free space is:
Γ =
1
2m∆
∫
d3pN
(2pi)32EN
d3ppi
(2pi)32ω
|M∆→Npi|2
×(2pi)4δ3(pN + ppi)δ(EN + ω −m∆)
=
k2
8pim∆ENω
|M∆→Npi|2
| kEN + kω |
(20)
where ppi = k. Here |M∆→Npi|2 is calculated by:
|M∆→Npi|2
=
1
4
∑
s∆
|M∆→Npi|2
=
g2piN∆I
2
N∆
4m2pi
∑
s
Ψ(pN )Ψ¯(pN )k
µ∆µ(p∆)∆¯ν(p∆)k
ν
=
g2piN∆I
2
N∆
4m2pi
Tr[(p/N +mN )k
µPµν(p∆)kν ]
=
2g2piN∆I
2
N∆
3m2pi
(mN + EN )k
2m∆ (21)
The expression of the piN → ∆ cross section is
σpiN→∆ =
∫
dm∆f(m∆)
∫
d3p∆
(2pi)32E∆
|MpiN→∆|2
4ENω| pNEN − kω |
× (2pi)4δ3(pN + k− p∆)δ(EN + ω − E∆).(22)
4In the ∆ static frame, σpiN→∆ can be written as
σpiN→∆ =
pif(m∆)
4m∆ENω
|MpiN→∆|2
| kEN + kω |
.
(23)
where |MpiN→∆|2 = 2|M∆→Npi|2. The f(m∆) is the
mass distribution of ∆ resonance in free space, which
reads
f(m∆) =
2
pi
m20,∆Γt
(m20,∆ −m2∆)2 +m20,∆Γ2t
. (24)
The coupling constants we used in Eq. 20, i.e., gpiNN =
1.008, gpiN∆ = 2.3, and the cut-off Λ
2 = exp(−2k2/b2)
with b = 7mpi, which are fitted from the experimental
data of cross section and decay width [47] in the Fig. 1.
The decay width Γ = 0.120 GeV for the pole mass m∆ =
1.232 GeV can be calculated from Eq. 20.
FIG. 1: (Color online) σpi+p→∆++ as a function of s
1/2 in free
space, the experimental data from Ref. [47].
III. RESULTS AND DISCUSSIONS
A. Pion dispersion relation
The pion dispersion relation has two solutions in
Eq. (3), the lower one near the free pion energy ωF =√
m2pi + k
2 named the particle-hole branch and higher
one near the free ω∆ =
k2
2m∆
+m∆ −mN named ∆-hole
branch[31, 36]. Ref. [36] pointed out that the threshold
for ∆ resonance to decay into a pion in the ∆-hole branch
is larger than 1.36 GeV. It makes the ∆ decay into pion
in ∆-hole branch is less important, if we focused on the
effects near the ∆ threshold energy. Thus, we neglect the
decay of ∆ into a pion in ∆-hole branch as in Ref. [36].
In the Fig. 2, we present the pion dispersion rela-
tion ω(k) and optical potential Vpi(k) at different den-
sities in symmetric nuclear matter. The black solid, the
red dashed, green dotted, blue dash-dotted and magenta
dash-dotted lines represent the ω in free space, 0.5ρ0, ρ0,
1.5ρ0 and 2ρ0 respectively. The pion optical potential
can be written as:
Vpii = ωpii(k)−
√
m2pii + k
2. (25)
It can be seen from Fig. 2 that both the in-medium pion
energy ω and the pion optical potential Vpi do not vanish
at |k| = 0. It is because k2 and (pk)2 − m2Nk2 appear
in the relativistic form of ΠN and Π∆ (see appendix B).
The in-medium pion self energy do not vanish at mo-
mentum |k| = 0, i.e. the color lines deviate the black
line at k=0, which is different from the results in the
nonrelativistic form of pion self-energy as in Ref. [36].
The in-medium pion energy ω increases with the density
increasing at lower momentum (|k|/mpi < 0.6) while de-
crease as density at higher momentum (|k|/mpi > 0.6),
where the results are the same as Refs. [31, 34]. In the
right panel of Fig. 2, we present the pion optical potential
for symmetric nuclear matter. The calculations results
show that the pions with |k|/mpi < 0.6 feel a repulsive
force, while the pions with |k|/mpi > 0.6 feel an attractive
force. Consequently, one can expect that the pion spec-
tral obtained in the heavy ion collisions may show their
maximum values at certain kinetic energy comparing to
the calculations without considering such pion potential.
The energy slope of pion spectral may be a probe to in-
vestigate the pion optical potential. For the convenient
applying the in-medium pion energy in estimation ∆ de-
cay width and optical potential in transport models, we
give the parameterization form of ω as function of |k| in
appendix D.
FIG. 2: (Color online) Left panel: the pion dispersion relation
at different densities ( 0.5ρ0, ρ0, 1.5ρ0 and 2ρ0)in symmetric
nuclear matter. Right panel: the pion optical potential at
different densities in symmetric nuclear matter.
In Fig. 3, we present the pion dispersion relation in
asymmetric nuclear matter for I = 0.2, where I =
ρn−ρp
ρn+ρp
is the isospin asymmetry. As shown in Fig. 3, the ω is
split for different charge state of pions and the difference
between ω(pi−) and ω(pi+) is related to the difference be-
tween the densities of neutron and proton, ρn − ρp, in
asymmetric nuclear matter. Interestingly, one can say
that ω(pi−) > ω(pi+) at the k < 0.6mpi and it turns over
at k > 0.6mpi. This behaviors agree with the predic-
tion from nonrelativisitc calculation in Ref. [36] where
5s-wave plus p-wave potential are adopted. While, the
magnitude of the splitting of in-medium energy ω, i.e.
|ω− − ω+|, evolving with density shows the different be-
haviors at k < 0.6mpi and k > 0.6mpi. At k < 0.6mpi,
|ω− − ω+| monotonously increases with the nuclear den-
sity. At k > 0.6mpi, it firstly increases with density
but starts to decrease with density above 1.5ρ0. The
FIG. 3: (Color online) The pion dispersion relation at dif-
ferent densities ( ρ0, 1.5ρ0 and 2ρ0) in asymmetric nuclear
matter I = 0.2.
nonmonotonicity of |ωpi− − ωpi+ | with density increas-
ing at |k|/mpi > 0.6 can be more clearly seen in the
difference of optical potential between pi− and pi+, i.e.
δVpi = Vpi− −Vpi+ , in Fig. 4. The figures explicitly depict
that δVpi approximatively reaches the maximum at 1.5ρ0
at higher momentum, where the isospin splitting effect
is more obvious. In conclusion, the δVpi = Vpi− − Vpi+ is
nonmonotonic in the relativistic calculations, which did
not appear in the nonrelativistic one [36]. It could cause
the enhancement of pi−/pi+ ratios at lower energy region,
and the measurement of the energy spectral of pi−/pi+ in
heavy ion collisions could be useful for deeply learning
the in-medium energy of pion.
FIG. 4: (Color online) The left and right panel are Vpi−−Vpi+
at different densities in asymmetric nuclear matter at I = 0.2
and I = 0.3 respectively.
B. In-medium piN → ∆ cross sections and ∆→ piN
decay widths
The energy conservation is an important issue that one
should carefully handle in the calculation of Npi → ∆
and ∆ → Npi in isospin asymmetric nuclear matter as
well as for NN → N∆ [37], based on the formulas of
the in-medium ∆ → Npi decay widths and Npi → ∆
cross sections, i.e., in Eq. (15) and (18). The ∆ pole
mass m∗0,∆ and distribution function f
∗ are the crucial
variable and key part besides |M∗piN→∆|2, because the
m∗0,∆ can determine the height and the position (
√
s) of
the peak of f∗. Thus, we firstly analyze the values of
m∗0,∆ in the condition of energy conservation as Eq. (14).
The peak of f∗ should be around the m∗0,∆, which cor-
respond to a certain momentum |k|0, or energy s1/20 , and
it can satisfy the following relationship,
m∗0,∆ + Σ
0
∆ =
√
m∗N + |k|20 + Σ0N + ω(|k|0). (26)
As shown in Fig. 2, ω(k) at normal density is reduced by
100-300 MeV as that in free space at |k|/mpi > 1.5. Both
m∗0,∆ and m
∗
N decrease with the density increasing, and
m∗0,∆−m∗N = m0,∆−mN with |Σ0∆−Σ0N | = 0 in symmet-
ric nuclear matter. In isospin asymmetric nuclear matter
with I = 0.2, m∗0,∆−m∗N and |Σ0∆−Σ0N | are about 40−50
MeV near 2ρ0. It indicates that the values of ω are the
key quantities for determining the solution of |k|0 from
Eq. 26. When the reductions of ω is taken into account
and the energy conservation relationship is considered,
a larger |k|0 is expected. Consequently, the position of
the peak of f∗ moves to the higher energy with smaller
effective mass. In the left panel of Fig. 5, we present the
s
1/2
0 as a function of m
∗
0,∆. It clearly illustrates that the
behaviors of s
1/2
0 increase with the effective mass decreas-
ing, or equivalently with the increasing of the density.
In the right panel of Fig. 5, the f∗ as function of s1/2
at different densities are presented in symmetric nuclear
matter. Our results show that the f∗ decreases with ef-
fective masses of nucleon and ∆, and the peak of f∗ shifts
to the higher momentum, which results in the reduction
of in-medium piN → ∆ cross sections.
Based on the in-medium pion energy and effective
masses of N and ∆, the in-medium cross section of
pi+p→ ∆++ and ∆→ piN decay width at different den-
sities in symmetric nuclear matter are calculated based
on Eq. (15) and (18), and they are presented in Fig. 6.
As shown in the left panel, the in-medium ∆ → piN de-
cay widths are enhanced relative to that in free space,
but the effect is weak at the energy region we studied,
because the impact of m∗∆(E
∗
N + ω) and |M∗piN→∆|2 in
Eq. (20) conceal each other.
For the in-medium pion adsorption cross sections
piN → ∆, as shown in the right panel of Fig. 6, they
are suppressed at lower energy (s1/2 < 1.25 GeV) and
enhanced at higher energy (s1/2 > 1.25 GeV). It can
be understood from the effect of effective masses of N
6FIG. 5: (Color online) Left panel: the s
1/2
0 corresponding to
the pion momentum |k|0 derived from the pole mass of ∆
equation in Eq. 14. Right panel: f∗ as function of s1/2.
FIG. 6: (Color online) Left panel: in-medium decay width of
∆ → piN at different densities in symmetric nuclear matter.
Right panel: in-medium cross sections of pi+p → ∆++ at
different densities in symmetric nuclear matter.
and ∆ on f∗. It could lead to the enhancement of pi-
ons in the HIC simulations near the threshold energy,
since the smaller piN → ∆ cross sections weaken the sec-
ond process of the loop of ∆ − N − pi, i.e., process of
Npi → ∆, which make more pis are left to freeze out from
the pion production process of ∆ → Npi. Our predic-
tions on the in-medium effects on the piN → ∆ cross sec-
tions are different from the conclusion in Ref. [36], where
they show the enhancement of in-medium Npi → ∆ cross
sections near the threshold energies The different con-
clusions could come from the effects of effective masses
on the ∆ mass distributions which was not considered in
Ref. [36], and it hints that a further experimental study of
the pion production in heavy ion collisions will be useful
for figuring out the in-medium Npi → ∆.
Since the nuclear medium correction on the decay
width of ∆ → piN is weak, we will focus on the in-
medium cross sections of Npi → ∆ in isospin asymmetric
nuclear matter in the following discussions. In Fig. 7, we
present the in-medium cross sections for pi+p → ∆++,
pi−n → ∆−, pi0p → ∆+, pi0n → ∆0, pi+n → ∆+ and
pi−p → ∆0 channels, respectively, in isospin asymmetric
nuclear matter at densities of ρ0, 1.5ρ0 and 2ρ0 in asym-
metric nuclear matter I = 0.2. If we do not consider the
effective masses splitting, the ratios between the cross
sections of different channels are σpi+p→∆++ (σpi−n→∆−):
σpi0p→∆+ (σpi0n→∆0) :σpi+n→∆+ (σpi−p→∆0)= 3 : 2 : 1,
and the medium correction factors, i.e. R = σ∗/σfree,
are the same for different channels. With the nucleon
and ∆ effective masses splitting as well as pion ener-
gies in asymmetric nuclear matter to be considered, the
in-medium correction factors R on the cross sections of
piN → ∆ and ∆→ piN are different for different channels
as the ωpi+ > ωpi− at higher energy and m
∗
∆++ > m
∗
∆+ >
m∗∆0 > m
∗
∆− , m
∗
p > m
∗
n. The Npi → ∆ cross sections in
asymmetric nuclear matter has the following sequence,
i.e., σ∗pi+p→∆++ > σ
∗
pi−n→∆− , σ
∗
pi0p→∆+ > σ
∗
pi0n→∆0 , and
σ∗pi+n→∆+ > σ
∗
pi−p→∆0 as in Fig. 7. Especially, the chan-
nels of pi+p → ∆++ and pi−n → ∆− clearly reveal this
splitting effect.
The cross sections of pi0p→ ∆+ and pi0n→ ∆0 chan-
nels are in the middle panels (d)-(f) of Fig. 7, while in-
medium cross sections of pi+n→ ∆+ and pi−p→ ∆0 are
presented in the bottom panel (g)-(i), both the cross sec-
tions and the splitting magnitude are smaller than those
of the pi+p → ∆++ and pi−n → ∆− channels. Since
the in-medium cross sections are reduced with density
increasing, the splitting of the cross sections is also de-
creased, so the difference between the cross sections of
channels pi+p→ ∆++ and pi−n→ ∆− at 1.5ρ0 is slightly
smaller than that at ρ0.
The results are similar with work from Li, el at in
Ref. [35], but the magnitude of the in-medium cross sec-
tion and the splitting among the different channels are
more obvious than that in Ref. [35], where the effect of ω
in asymmetric nuclear matter is ignored. Based on above
discussions on the in-medium cross section of Npi → ∆,
one can expect if one take σ∗Npi→∆ in transport model
simulations, the production of pi− will be enhanced rela-
tive to the utility of σfreeNpi→∆.
IV. SUMMARY AND OUTLOOK
In summary, we have investigated the pion dispersion
relation, in-medium Npi → ∆ cross section and ∆→ Npi
decay width in isospin asymmetric nuclear matter by us-
ing the same relativistic interaction within the frame-
work of one-boson-exchange model. With the considera-
tion of threshold effect (or energy conservation in isospin
asymmetric nuclear medium) and in-medium pion en-
ergy effect, the ∆ mass distribution are suppressed and
the position of peak of ∆ mass distribution move to the
high energy part with the density increasing (or effec-
tive mass decreasing). It results in a suppression of in-
medium Npi → ∆ cross sections near the low energy
(s1/2 < 1.25 GeV) and enhancement in the high energy
region (s1/2 > 1.25 GeV), which are different from the
conclusion in Refs. [31, 36]. For the in-medium decay
width of ∆ → Npi, it is enhanced by < 5%. Thus, the
smaller piN → ∆ cross sections weaken the process of
Npi → ∆, and make more pis are left to freeze out during
the pion production process of ∆→ Npi in HICs.
7FIG. 7: (Color online) The in-medium cross sections of piN → ∆ for different channels at different densities ( ρ0, 1.5ρ0 and
2ρ0) in asymmetric nuclear matter I = 0.2. Upper panel: pi
+p → ∆++ and pi−n → ∆− channels. Middle panel: pi0p → ∆+
and pi0n→ ∆0 channels. Bottom panel: pi+n→ ∆+ and pi−p→ ∆0 channels.
By including the ω and effective mass splitting in asym-
metric nuclear matter in the calculation of Npi → ∆, our
results show that the in-medium correction factors on
the cross sections of piN → ∆ are different for different
channels, i.e., Rpi+p→∆++ > Rpi−n→∆− . Applying the
σ∗Npi→∆ in transport model simulations especially near
the threshold energy, it could predict a enhanced the to-
tal pion multiplicity and enhanced pi− multiplicity rela-
tive to the calculations utility of σfreeNpi→∆, which hints a
larger pi−/pi+ ratios could be observed near the threshold
energy if the other parameters in transport model remain
unchanged.
However, we should keep in mind that the simulation of
heavy ion collision is much more complicated, our results
suggest that a systematic study of pion production mech-
anism, from pion’s multiplicity, energy spectral and flow,
are needed. The beam energy scan, for example from
subthreshold energy to 1.5 GeV/u, and system size de-
pendence, from smaller systems to heavier systems, could
be help us figure the medium effects on the cross sections
of Npi → ∆.
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A. APPENDIX A
TABLE I: The isospin factors INN .
NNpi INN
pppi0 1
nnpi0 -1
pnpi+ -
√
2
nppi−
√
2
TABLE II: The isospin factors IN∆.
Channel IN∆
∆++ → pi+p 1
∆+ → pi+n
√
1
3
∆+ → pi0p
√
2
3
∆0 → pi0n
√
2
3
∆0 → pi−p
√
1
3
∆− → pi−n 1
8B. APPENDIX B
For the on-shell pion dispersion relation in Eq. 3, the
Π(k) should be the real part (ReΠ(k)), here all the Π(k)
are ignored the Re notion in the following. The particle-
FIG. 8: The self-energy of pi+(ω,k), (a) and (b) are the
particle-hole part, (c), (d), (e), (f) are the ∆-hole part.
hole part of the pi+ self-energy can be written as:
ΠN (pi
+) = Πa(pi
+) + Πb(pi
+) (27)
where Πa(pi
+) is
Πa(pi
+)
= −i(−
√
2gpiNN
mpi
)2
∫
d4q
(2pi)4
Tr
[
k/γ5
q/+mn
2En(q)
k/γ5
× q/+ k/+mp
(q0 + k0)2 − E2p(q + k)
i2piθ(qF,n − |q|)δ(q0 − En(q))]
= (
gpiNN
mpi
)2
∫
d4q
(2pi)3
θ(qF,n − |q|)δ(q0 − En(q))
×−4mnmpk
2 − 4q2k2 + 8(qk)2 + 4k2(qk)
En(q)((q0 + k0)2 − E2p(q + k))
= (
gpiNN
mpi
)2
∫
d3q
(2pi)3
θ(qF,n − |q|)
En(q)[(En(q) + ω)2 − E2p(q + k)]
×[−4mnmpk2 − 4m2nk2
+4(En(q)ω − q · k)(2En(q)ω − q · k + k2)].
(28)
Here k0 = ω, En(q) =
√
m2n + q
2 and k2 = k20 − k2 =
ω2 − k2. And the isospin factor IN∆ = −
√
2 is listed in
Table I. Πb(pi
+) can also be calculated in the same way:
Πb(pi
+)
= −i(
√
2gpiNN
mpi
)2
∫
d4q
(2pi)4
Tr
[
k/γ5
q/+mp
2Ep(q)
×k/γ5 q/− k/+mn
(q0 − k0)2 − E2n(q − k)
×i2piθ(qF,p − |q|)δ(q0 − Ep(q))] (29)
= (
gpiNN
mpi
)2
∫
d3q
(2pi)3
θ(qF,p − |q|)
Ep(q)[(Ep(q)− ω)2 − E2n(q − k)]
×[−4mnmpk2 − 4m2pk2
+4(−Ep(q)ω + q · k)(−2Ep(q)ω + q · k + k2)].
(30)
The ∆-hole part of the pi+ self-energy is:
Π∆(pi
+) = Πc(pi
+) + Πd(pi
+) + Πe(pi
+) + Πf (pi
+) (31)
where Πc(pi
+)
Πc(pi
+)
= −i(gpiN∆
mpi
)2
∫
d4q
(2pi)4
Tr
[kµkνDµν(q + k)(q/+ k/+m0,∆)
(q0 + k0)2 − E2∆(q + k)
×q/+mn
2Ep(q)
θ(qF,p − |q|)(i2piδ(q0 − Ep(q)))
]
= (
gpiN∆
mpi
)2
∫
d3q
(2pi)3
θ(qF,p − |q|)
2Ep(q)((Ep(q) + k0)2 − E2∆(q + k))
×4[2mp(qk)
2
3m0,∆++
+
4mp(qk)k
2
3m0,∆++
+
2mpk
4
3m0,∆++
− 2mpm0,∆++k
2
3
+
2q2k4
3m20,∆++
+
2(qk)3
3m20,∆++
+
2q2(qk)2
3m20,∆++
+
4k2(qk)2
3m20,∆++
+
2k4(qk)
3m20,∆++
+
4q2k2(qk)
3m20,∆++
− 2q
2k2
3
− 2k
2(pk)
3
]
=
2
3
(
gpiN∆
mpi
)2
∫
d3q
(2pi)3
θ(qF,p − |q|)
Ep(q)
×[ (qk)
2 −m2pk2
m20,∆++
+ k2
2mp
m0,∆++
(1 +
mp
m0,∆++
)
+
(qk)2 −m2pk2
m20,∆++
(mp +m0,∆++)
2 − k2
2qk + k2 − (m20,∆++ −m2p)
],
(32)
where qk = Ep(q)ω−q ·k. Πd(pi+), Πe(pi+) and Πf (pi+)
can be obtained in the same way:
Πd(pi
+)
=
2
9
(
gpiN∆
mpi
)2
∫
d3q
(2pi)3
θ(qF,p − |q|)
Ep(q)
×[ (qk)
2 −m2pk2
m20,∆0
+ k2
2mp
m0,∆0
(1 +
mp
m0,∆0
)
+
(qk)2 −m2pk2
m20,∆0
(mp +m0,∆0)
2 − k2
−2qk + k2 − (m20,∆0 −m2p)
],
(33)
Πe(pi
+)
9=
2
9
(
gpiN∆
mpi
)2
∫
d3q
(2pi)3
θ(qF,n − |q|)
En(q)
×[ (qk)
2 −m2nk2
m20,∆+
+ k2
2mn
m0,∆+
(1 +
mn
m0,∆+
)
+
(qk)2 −m2nk2
m20,∆+
(mn +m0,∆+)
2 − k2
2qk + k2 − (m20,∆+ −m2n)
],
(34)
Πf (pi
+)
=
2
3
(
gpiN∆
mpi
)2
∫
d3q
(2pi)3
θ(qF,n − |q|)
En(q)
×[ (qk)
2 −m2nk2
m20,∆−
+ k2
2mn
m0,∆−
(1 +
mn
m0,∆−
)
+
(qk)2 −m2nk2
m20,∆−
(mn +m0,∆−)
2 − k2
−2qk + k2 − (m20,∆− −m2n)
].
(35)
FIG. 9: pi−(ω,k) self-energy
The particle-hole part of the pi− self-energy can be
written as:
ΠN (pi
−) = Πa(pi−) + Πb(pi−) (36)
Here Πa(pi
−) and Πb(pi−) are in the following:
Πa(pi
−)
= (
gpiNN
mpi
)2
∫
d3q
(2pi)3
θ(qF,p − |q|)
Ep(q)[(Ep(q) + ω)2 − E2n(q + k)]
×[−4mnmpk2 − 4m2pk2
+4(Ep(q)ω − q · k)(2Ep(q)ω − q · k + k2)]. (37)
Πb(pi
−)
= (
gpiNN
mpi
)2
∫
d3q
(2pi)3
θ(qF,n − |q|)
En(q)[(En(q)− ω)2 − E2p(q − k)]
×[−4mnmpk2 − 4m2nk2
+4(−En(q)ω + q · k)(−2En(q)ω + q · k + k2)]. (38)
The ∆-hole part of the pi− self-energy is:
Π∆(pi
−) = Πc(pi−) + Πd(pi−) + Πe(pi−) + Πf (pi−) (39)
Here Πc(pi
−), Πd(pi−), Πe(pi−) and Πf (pi−) can be cal-
culated in the following:
Πc(pi
−)
=
2
3
(
gpiN∆
mpi
)2
∫
d3q
(2pi)3
θ(qF,n − |q|)
En(q)
×[ (qk)
2 −m2nk2
m20,∆−
+ k2
2mn
m0,∆−
(1 +
mn
m0,∆−
)
+
(qk)2 −m2nk2
m20,∆−
(mn +m0,∆−)
2 − k2
2qk + k2 − (m20,∆− −m2n)
], (40)
Πd(pi
−)
=
2
9
(
gpiN∆
mpi
)2
∫
d3q
(2pi)3
θ(qF,n − |q|)
En(q)
×[ (qk)
2 −m2nk2
m20,∆+
+ k2
2mn
m0,∆+
(1 +
mn
m0,∆+
)
+
(qk)2 −m2nk2
m20,∆+
(mn +m0,∆+)
2 − k2
−2qk + k2 − (m20,∆+ −m2n)
],
(41)
Πe(pi
−)
=
2
9
(
gpiN∆
mpi
)2
∫
d3q
(2pi)3
θ(qF,p − |q|)
Ep(q)
×[ (qk)
2 −m2pk2
m20,∆0
+ k2
2mp
m0,∆0
(1 +
mp
m0,∆0
)
+
(qk)2 −m2pk2
m20,∆0
(mp +m0,∆0)
2 − k2
2qk + k2 − (m20,∆0 −m2p)
],
(42)
Πf (pi
−)
=
2
3
(
gpiN∆
mpi
)2
∫
d3q
(2pi)3
θ(qF,p − |q|)
Ep(q)
×[ (qk)
2 −m2pk2
m20,∆++
+ k2
2mp
m0,∆+
(1 +
mp
m0,∆++
)
+
(qk)2 −m2pk2
m20,∆++
(mp +m0,∆++)
2 − k2
−2qk + k2 − (m20,∆++ −m2p)
].
(43)
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FIG. 10: pi0(ω,k) self-energy
The particle-hole part of the pi0 self-energy can be writ-
ten as:
ΠN (pi
0) = Πa(pi
0) + Πb(pi
0) + Πc(pi
0) + Πd(pi
0). (44)
Here Πa(pi
0), Πb(pi
0), Πc(pi
0) and Πd(pi
0) are in the fol-
lowing:
Πa(pi
0)
= (
gpiNN
mpi
)2
∫
d3q
(2pi)3
θ(qF,n − |q|)
×[ −4m
2
nk
2
En(q)(2En(q)ω − 2q · k + ω2 − k2) + 2ω],
(45)
Πb(pi
0)
= (
gpiNN
mpi
)2
∫
d3q
(2pi)3
θ(qF,n − |q|)
×[ −4m
2
nk
2
En(q)(−2En(q)ω + 2q · k + ω2 − k2) − 2ω],
(46)
Πc(pi
0)
= (
gpiNN
mpi
)2
∫
d3q
(2pi)3
θ(qF,p − |q|)
×[ −4m
2
pk
2
Ep(q)(2Ep(q)ω − 2q · k + ω2 − k2) + 2ω],
(47)
Πd(pi
0)
= (
gpiNN
mpi
)2
∫
d3q
(2pi)3
θ(qF,p − |q|)
×[ −4m
2
pk
2
Ep(q)(−2Ep(q)ω + 2q · k + ω2 − k2) − 2ω].
(48)
The ∆-hole part of the pi− self-energy is:
Π∆(pi
0) = Πe(pi
0) + Πf (pi
0) + Πg(pi
0) + Πh(pi
0). (49)
Here Πe(pi
0), Πf (pi
0), Πg(pi
0) and Πh(pi
0) can be calcu-
lated in the following:
Πe(pi
0)
=
4
9
(
gpiN∆
mpi
)2
∫
d3q
(2pi)3
θ(qF,n − |q|)
En(q)
×[ (qk)
2 −m2nk2
m20,∆0
+ k2
2mn
m0,∆0
(1 +
mn
m0,∆0
)
+
(qk)2 −m2nk2
m20,∆0
(mn +m0,∆0)
2 − k2
2qk + k2 − (m20,∆0 −m2n)
], (50)
Πf (pi
0)
=
4
9
(
gpiN∆
mpi
)2
∫
d3q
(2pi)3
θ(qF,n − |q|)
En(q)
×[ (qk)
2 −m2nk2
m20,∆0
+ k2
2mn
m0,∆0
(1 +
mn
m0,∆0
)
+
(qk)2 −m2nk2
m20,∆0
(mn +m0,∆0)
2 − k2
−2qk + k2 − (m20,∆0 −m2n)
], (51)
Πg(pi
0)
=
4
9
(
gpiN∆
mpi
)2
∫
d3q
(2pi)3
θ(qF,p − |q|)
Ep(q)
×[ (qk)
2 −m2pk2
m20,∆+
+ k2
2mp
m0,∆+
(1 +
mp
m0,∆+
)
+
(qk)2 −m2pk2
m20,∆+
(mp +m0,∆+)
2 − k2
2qk + k2 − (m20,∆+ −m2p)
], (52)
Πh(pi
0)
=
4
9
(
gpiN∆
mpi
)2
∫
d3q
(2pi)3
θ(qF,p − |q|)
Ep(q)
×[ (qk)
2 −m2pk2
m20,∆+
+ k2
2mp
m0,∆+
(1 +
mp
m0,∆+
)
+
(qk)2 −m2pk2
m20,∆+
(mp +m0,∆+)
2 − k2
−2qk + k2 − (m20,∆+ −m2p)
]. (53)
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In symmetric nuclear matter, the pion self energy is :
ΠN
= −8m2Nk2(
gpiNN
mpi
)2
∫
d3q
(2pi)3
θ(qF,N − |q|)
EN (q)
×[ 1
2EN (q)ω − 2q · k + ω2 − k2
− 1−2EN (q)ω + 2q · k + ω2 − k2 ],
(54)
and
Π∆
=
8
9
(
gpiN∆
mpi
)2
∫
d3q
(2pi)3
θ(qF,N − |q|)
EN (q)
×{ (qk)
2 −m2Nk2
m20,∆
+ k2
2mN
m0,∆
(1 +
mN
m0,∆
)
+
(qk)2 −m2Nk2
m20,∆
[
(mN +m0,∆)
2 − k2
2qk + k2 − (m20,∆ −m2N )
+
(mN +m0,∆)
2 − k2
−2qk + k2 − (m20,∆ −m2N )
]}.
(55)
C. APPENDIX C
The pion self-energies in Appendix A can be expressed
in terms of an analog of the susceptibility χ as follows
ΠN = k
2χN (56)
Π∆ = k
2χ∆. (57)
Here we introduce the effect nonrelativistic interaction
as the nuclear spin-isospin short range correlation as
Ref.[34]:
W = (
gpiNN
mpi
)2g′NNσ1 · σ2τ1 · τ2
+(
gpiN∆
mpi
)2g′∆∆S
†
1 · S2T †1 · T 2
+
gpiNNgpiN∆
m2pi
g′N∆S
†
1 · σ2T †1 · τ2 + h.c. (58)
With the short-range interaction, the pion dispersion
relation can be:
ω2 = m2pi + k
2 + Π = m2pi + k
2 + k2χ (59)
χ = χ1 + χ2 (60)
χ1 = χ
′
N
1 + g′N∆χ
′
∆
1− g′N∆χ′∆g′N∆χ′N
(61)
χ2 = χ
′
∆
1 + g′N∆χ
′
N
1− g′N∆χ′Ng′N∆χ′∆
. (62)
χ′N =
χN
1− g′NNχN
(63)
χ′∆ =
χ∆
1− g′∆∆χ∆
. (64)
Then the susceptibility can be written as:
χN → χ1 = 1 + (g
′
N∆ − g′∆∆)χ∆
(1− g′∆∆χ∆)(1− g′NNχN )− g′N∆χ∆g′N∆χN
χN
χ∆ → χ2 = 1 + (g
′
N∆ − g′NN )χN
(1− g′∆∆χ∆)(1− g′NNχN )− g′N∆χ∆g′N∆χN
χ∆
(65)
D. APPENDIX D
The pion energy ω in the nuclear matter can be written
as the parametrization form
ω = a0 + a1x+ a2x
2 + a3x
3 + a4x
4 + a5x
5 + a6x
6 (66)
where x = |k|/mpi, and a0, a1, a2, a3, a4, a5 , a6 are all
in GeV.
Here parametrization form of ω(pi0) at I = 0.3 and
I = 0.2 is the same as symmetric nuclear matter.
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TABLE III: The parameters for ω in symmetric nuclear matter.
Density x a0 a1 a2 a3 a4 a5 a6
0.5ρ0
x ≤ 1.125 0.14762 0.00329 0.15947 -1.09393 3.2301 -3.73303 1.42962
x > 1.125 -0.08538 -0.99954 3.29955 -3.44383 1.71089 -0.41244 0.03884
ρ0
x ≤ 1.125 0.16428 -0.10651 0.5233 -0.72545 0.28734 0 0
x > 1.125 0.40054 -0.63405 0.50715 -0.15842 0.0181 0 0
1.5ρ0
x ≤ 1.125 0.18147 0.04198 -0.53115 1.52268 -1.70649 0.62449 0
x > 1.125 0.66757 -1.15148 0.83679 -0.25277 0.02837 0 0
2ρ0
x ≤ 1.125 0.21177 -0.0107 -0.35514 0.96565 -1.09207 0.40349 0
x > 1.125 0.83163 -1.50549 1.08558 -0.3289 0.03692 0 0
TABLE IV: The parameters for ωpi+ at isospin asymmetry I = 0.2.
Density x a0 a1 a2 a3 a4 a5 a6
0.5ρ0
x ≤ 1.125 0.14646 -0.01197 0.3134 -1.66811 4.26204 -4.60666 1.7103
x > 1.125 -0.07165 0.26725 -0.0744 0.00899 0 0 0
ρ0
x ≤ 1.125 0.15305 0.14062 -1.03791 2.95229 -3.30208 1.23473 0
x > 1.125 0.10479 -0.03411 0.08511 -0.02918 0.00353 0 0
1.5ρ0
x ≤ 1.125 0.16982 0.09594 -0.78495 2.17423 -2.39857 0.88103 0
x > 1.125 0.36904 -0.54203 0.41088 -0.1227 0.01366 0 0
2ρ0
x ≤ 1.125 0.19358 0.04438 -0.57001 1.53095 -1.67771 0.61064 0
x > 1.125 1.36471 -3.0588 2.86344 -1.30201 0.29304 -0.02607 0
TABLE V: The parameters for ωpi− at isospin asymmetry I = 0.2.
Density x a0 a1 a2 a3 a4 a5 a6
0.5ρ0
x ≤ 1.125 0.14953 -0.0217 0.40913 -2.12781 5.18789 -5.4529 1.99392
x > 1.125 -0.03752 0.2044 -0.04916 0.00566 0 0 0
ρ0
x ≤ 1.125 0.16601 -0.01132 0.14963 -0.30154 0.13559 0 0
x > 1.125 0.49951 -0.77281 0.55235 -0.15885 0.01696 0 0
1.5ρ0
x ≤ 1.125 0.18891 0.05333 -0.64292 1.713 -1.85345 0.6668 0
x > 1.125 0.86713 -1.568 1.12794 -0.34088 0.03816 0 0
2ρ0
x ≤ 1.125 0.2235 -2.27582 -0.53085 1.3709 -1.51562 0.56282 0
x > 1.125 1.65668 -3.85346 3.62636 -1.65695 0.37366 -0.03324 0
TABLE VI: The parameters for ωpi+ at isospin asymmetry I = 0.3.
Density x a0 a1 a2 a3 a4 a5 a6
0.5ρ0
x ≤ 1.125 0.14561 -0.01313 0.33908 -1.79495 4.55558 -4.90908 1.822
x > 1.125 -0.06849 0.25597 -0.06608 0.00771 0 0 0
ρ0
x ≤ 1.125 0.15103 0.13677 -1.00479 2.89048 -3.2475 1.2163 0
x > 1.125 0.02613 0.11939 -0.01774 0.00182 0 0 0
1.5ρ0
x ≤ 1.125 0.19645 -0.07531 0.39858 -1.90247 4.05329 -3.87382 1.32371
x > 1.125 1.9563 -4.52087 4.22417 -1.92159 0.4317 -0.03829 0
2ρ0
x ≤ 1.125 0.18406 0.07659 -0.71693 1.92654 -2.10031 0.76536 0
x > 1.125 0.50864 -0.82079 0.60002 -0.17954 0.02003 0 0
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TABLE VII: The parameters for ωpi− at isospin asymmetry I = 0.3.
Density x a0 a1 a2 a3 a4 a5 a6
0.5ρ0
x ≤ 1.125 0.14982 -0.00805 0.29261 -1.79699 4.812 -5.31034 1.9898
x > 1.125 -0.29222 0.68732 -0.38933 0.10963 -0.01166 0 0
ρ0
x ≤ 1.125 0.16437 0.09541 -0.77778 2.16077 -2.37432 0.86589 0
x > 1.125 1.24039 -2.78125 2.6344 -1.20503 0.27254 -0.02435 0
1.5ρ0
x ≤ 1.125 0.16901 -0.03369 0.38116 -1.92408 4.44758 -4.51472 1.61273
x > 1.125 0.67832 -1.52577 1.60052 -0.79736 0.19558 -0.01883 0
2ρ0
x ≤ 1.125 0.22697 0.0085 -0.62447 1.60553 -1.77879 0.66572 0
x > 1.125 1.3686 -3.15732 2.95638 -1.34067 0.30092 -0.02673 0
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